Cyprus, which is applied at selected sites on the western side of the island. Firstly, a statistical analysis of wind speed and direction data was conducted at six meteorological stations in western Cyprus, establishing daily, monthly and annual variations of wind speed. Also examined were the Weibull distributions of the wind at each site. These wind statistics serve as the basis for estimating corrected statistical distributions over the extended study areas, which were calculated using the Wind Atlas Analysis and Application Program (WAsP) that modifies wind flow estimates based on local topographic effects. As a result, a geographic and wind-resource database was formulated around each station. Aggregation of this data using statistical weighting methods allows the extrapolation of observed results and the visualization for selected hours of the day over the western part of Cyprus. The results indicate the strong influence of the sea-breeze on the island's wind potential, and identify a number of areas of higher wind-energy potential suitable for wind-resource exploitation. It is hoped that both the methodology applied and results obtained can be further used by potential investors and wind-energy developers.
Introduction
In the last five years, considerable effort has been spent encouraging investment in wind energy within Cyprus. Two operational wind farms already exist on the island, and there are plans for further expansion of wind energy in the nation's electric-power production. Overall, energy availability and security of supply are conisdered the most important factors for the economic and social development of this country. * E-mail: evangelos.akylas@cut.ac.cy; Tel: +357 25002264 Wind power is a form of renewable energy that is enjoying increasing commercial success worldwide. According to experts' predictions, wind power could provide more than 10% of the world energy market by the year 2020, with the provision of governmental economic incentives and improved technologies [17] . On the other hand, wind power has disadvantages in that it is considered an intermittent power supply, and since the best wind sites are usually located in remote areas [10] . Therefore, it is imperative to provide a reliable and integrated wind-resource assessment by studying wind characteristics in detail separately at each prospective site [14] .
Cyprus is in the early stages of developing its wind resources. The two newly operational wind farms on the island contribute partially to electric-power production. However, there is still a lack of scientific research relating to the distribution and detailed estimation of Cyprus' wind potential. Pashardes and Christofides [21] were the first to produce a general wind map of Cyprus, followed by Jacovides [16] , who examined wind statistics over five specific coastal stations, and Georgiou et al. [12] recently conducted a detailed study of the wind patterns in part of the Larnaca district. Still, all these efforts were very specific and did not systematically integrate all available information. Methodologies integrating several techniques, such as GIS, earth observation and ground-based methods to study and analyze several physical factors, have been widely described and applied in the literature [8, 11, 13, 15, 19, 20, 23] .
This study presents a first step towards an integrated method for the estimation and analysis of potential windenergy resources in Cyprus; this method has here been applied at six selected sites on the western side of the island. The wind statistics measured at each site served as the basis to calculate corrected statistical distributions, representative of the extended study areas. This was attempted using the Wind Atlas Analysis and Application Program (WAsP), developed at Risø National Laboratory, Roskilde, Denmark [18] . This program modifies the interpreted wind flow of an area based on local topographic and roughness effects. Aggregation of the observed data with statistical weighting methods allows the extrapolation of the results and visualization of wind conditions across the western part of the island. These studies focussed on inter-annual, and especially daily, variations in wind resources, which proved to be strong in western Cyprus. This clear daily pattern is of great importance, both for proper site selection and short-term predictions of wind potential [2, 3] . It is hoped that this research will serve as the basis for future testing and for extending the application of this methodology over the whole island.
Methodology
Overall, this methodology aims to produce complete windpower maps of Cyprus (Fig. 1) on both a monthly and bidaily (day-night) basis. Wind measurements from each station were analyzed to produce a set of statistics in the form of Weibull distributions [22] . The two-parameter Weibull distribution estimates the probability P( ) of a specific wind speed, , through the following equation: Additionally the Weibull distributions generally include two empirical parameters -the scale parameter, , and the shape parameter, . It should be noted that the powerdensity method for the estimation of the Weibull parameters was chosen for this study [1] since it is considered more suitable for wind-power statistics, as discussed by Akylas et al. [7] . The WAsP program was then used to produce corrected wind-speed and power statistics over extended areas around each station, with the resulting data aggregated and visualized using the ArcView GIS package. It should be noted that based on the island's specific wind-flow features, the calculation has been performed on a bi-daily basis, contrary to the traditional technique. A flowchart showing the methodology followed in this study is presented in Figure 2 , and a description of the data resources and flow model used is given in more detail in the following paragraphs.
Meteorological Data
The island of Cyprus is located in the southeastern Mediterranean between latitudes of 34.6
• and 35.6
• north, and longitudes of 32
• and 34.5
• east. During the rainy season (November to March) Cyprus is frequently influenced by depressions moving eastward across the Mediterranean Sea, and the island is subjected to troughs that extend from the continental depression commonly centered over Asia during the dry season. Prevailing wind in Cyprus are mostly low to medium in speed; very strong winds (wind speeds faster than 34 knots) are rare, and mainly seen in windward areas when low-pressure systems affect the island.
The wind-flow can be modified strongly by the local topography, forming highly localized wind patterns. The Troodos Mountains, and to a lesser extent the Pentadactylos Mountains, play significant roles in controlling wind conditions in various regions of Cyprus and in the creation of local wind flows. The presence of the sea surrounding the island is another large influence on local wind conditions in coastal areas, and these localized winds are mainly sea-and land breezes in coastal areas, and katabatic winds in mountainous regions. In any case, the local sea breeze circulation in coastal areas is usually strong due to differential heating between sea and land [16] with this breeze often penetrating some 20-30 km inland, especially during the summer. As it will be shown, this feature strongly modifies the wind-speed pattern and the corresponding wind-potential during the day. Cyprus' meteorological data measuring network consists of 156 meteorological stations, each recording rainfall and selected climatic data; only 16 of these stations across the island are capable of measuring wind speed and direction. This study calculated the wind-speed statistics for the western part of the island using hourly wind speed and direction data measured at 10 m above ground level (AGL) height at six meteorological stations in [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] 
The WAsP algorithm
WAsP is a widely used program for predicting wind climate, wind resources and power production from wind turbines and wind farms. The predictions are based on wind data measured at a number of stations within the same region. The basis of the WAsP model is to provide a suitable database for estimating the wind flow. Its physical model is based on the modification of flow in the atmospheric boundary layer, taking into account the effects of complex terrain, the sheltering effects of buildings and other obstacles, the local roughness length of areas within the studied region, and the modification of wind flow imposed by specific variations in the height of the ground around the meteorological station. WAsP ensures a procedure in which the regional wind climatology of a station is used as an input to be resolved, and employs the opposite procedure to determine the wind climatology surrounding the observation site [18] . The regional climatology, the station site's description and the physical model is used to transform the measured wind speed and direction dataset from any station to what would have been measured at the station if the surroundings were flat, homogenous terrain without any nearby obstacles. In particular, this application uses the extrapolated statistical review data from stations as a regional climatology. The corrected logarithmic profile model for wind flow is then used to anticipate topographic and terrain roughness effects, and from this, a common wind vector for the study region is extrapolated as a representative Geostrophic Wind. Following this procedure, the application reallocates the wind flow at each resource grid point within the area of interest, while at the same time emending the data based on local topographic and roughness effects. The program includes a complex terrain flow-model, a roughness change model and a model for sheltering obstacles [18] .
Although WAsP requires a fraction of the computational cost in comparison to more advanced and universally applied Computational Fluid Dynamics (CFD) models, such as the Reynolds average Navier Stokes (RANS) model, this program has been proven to be as capable in reproducing the average neutral Atmospheric Boundary Layer (ABL) velocity fields over areas with gentle terrain. WAsP makes use of a number of different input records, typically including roughness maps, wind measurements, and topography maps, and contains submodels for the horizontal and vertical extrapolation of wind data, taking into account sheltering obstacles, surface roughness changes, and terrain height variations. In the application described here, wind resource maps were constructed using topographic data from two different sources. The first source was a digital elevation map (DEM) of Cyprus, converted to height contours with a 10 m resolution. This DEM was produced by the Cyprus Geological Survey Institute, using three parameters. The main parameter for DEM construction was the contours derived from 1:50 000 maps of Cyprus; to this was then added several topographical points derived from aerial photography and photogrammetry; and finally, river were used for parameter identification and geographic correction. Next, a linear roughness-change map was created using the Corine Land Cover (CLC) 2000 polygons, by assigning typical predefined values for the roughness length of regions according to identified terrain characteristics. Corine 2000 was a program conducted by the EU to coordinate and standardize environmental information. The scale (1:100 000), minimum mapping unit (25 ha), and minimum width of linear elements (100 m) using in the CLC mapping project represents a trade-off between production costs and the required level of detail in land-cover information. For CLC2000, the IMAGE2000 component, with a root mean square (RMS) error below 25 m, was provided by ortho-corrected Landsat-7 ETM satellite images. Detailed topographic maps, and in some cases orthophotos, were used to achieve this level of accuracy. In the case of this study, the land-cover type was categorized and calculated based on CLC2000 data and depending on the weighted surface of nearby obstacles, including the type of vegetation, the number and size of adjacent settlements, and any existing water masses, such as sea or lakes. All of this information was calculated using the Corine Land Cover suffix. However, in order to model this data, the Corine Land Cover suffix polygons needed to be converted to linear form using ArcGISTM. In each case, the linear data provides the neighbouring values, concerning the type of vegetation (see Figure 3) . The values that represent the surface type are then converted to their corresponding representative roughness-length, using pre-defined values listed in the WAsP manual [18] . Table 1 , summarizes the soil roughness values and their corresponding land-use codes.
The final output of WAsP analysis is a wind atlas that can be used for the estimation of wind climate and wind-power potential, and to help identify appropriate sites for new wind turbines. Given the wind measurements at any particular site, WAsP calculates typical upper atmospheric conditions by estimating the ground surface effects, such as the topography and the surface roughness, on the wind vector. By applying the inverse procedure, WAsP can then calculate a corrected wind regime for the area surrounding the site, assuming uniform atmospheric conditions [4] [5] [6] . It is evident that predictions become more accurate as the level of in situ measurement coverage increases, especially when assuming common atmospheric conditions. Thus, it is advisable to only apply WAsP to a range of 10 km around each measuring site. In the case of the present study, the coarse resolution of the measuring sites allowed for the method to applied to areas of 20 km radius around each measuring site (Fig. 1) . Prediction errors are expected to decrease as the results are further aggregated using the binomial law, especially when data from all available stations is used together. DEM and CLC data accuracy, which in both cases is on the order of 10 m, it is considered satisfactory for the present diagnostic application of WAsP at a 200 ×200 m grid resolution. However, for more detailed and accurate site investigations, better resolved databases and topographic corrections are needed.
Results
In Figures 4 and 5 , we present representative wind-speed statistics measured at each of the six stations, with the results referring to both monthly averaged data (measured at 10 m AGL; Fig. 4 ) and hourly averaged data (Fig. 5) .
From the monthly wind-speed fluctuations, it is obvious that most stations are characterized by light monthly averaged wind speeds, less than or equal to 3 m/s, with a smooth maximum during the winter. At Polis, the wind speed is almost constant at roughly 3.5 m/s, whereas Pafos on the southwestern side of the island experiences slightly higher wind speeds of around 4m/s. However, the complex topography to the southeast of Pafos station makes it a significant area for wind-power study, investment, and development. The installation of the Oreites wind farm, about 10 km from Pafos, is evidence of the exploitable wind potential in the extended area around this station. Overall, none of the stations show intensive monthly windspeed variation, and this factor alone cannot identify significant periods of excessive wind potential.
In terms of the hourly wind speed statistics (Fig. 5) , the stations of Limassol, Polis and Malia demonstrate serious wind speed acceleration during daytime hours, with mean speeds up to 6 m/s. In contrast, the measured nighttime wind speeds for each of these stations does not exceed 2 m/s, and nighttime periods also show much less wind speed variation. In terms of the typical Weibull distributions, the measured wind-speed distributions show much better fit to the theoretical curves (not shown) during the daytime, mainly as a result of overall higher wind speeds and the lack of calm periods. A different situation is found at the Polis, Pyrgos and Prodromos stations, where the wind speeds remains relatively high at night; therefore, these sites, especially Pyrgos and Prodromos, exhibit much lower daily variation overall. This feature may be attributable to the specific topographic characteristics of these sites, where the natural wind flow is accelerated from the land towards the sea during the night. However, although relatively high wind speeds were observed, the overall variation at these sites remains low, indicating that the wind speed maxima are also low. This interpretation is also seen in the estimations of mean wind power for each station, which remains almost steady and close to 30 W/m 2 for both day-and nighttime periods. In contrast, the mean wind power for the other three stations is almost negligible during the nighttime hours and increases markedly during the daytime; in the cases of Pafos and Limassol, daytime wind-power estimates reach values of 60 to 150 W/m. Figure 6 presents wind-direction and wind-speed statistics measured at the station of Limassol, along with the fitting of the wind-speed statistical frequency to the theoretical Weibull distribution. The results show the monthly averaged data (measured at 10 m AGL) for two eleven-hour periods within the day: nighttime hours of 20:00 -7:00; and daytime hours of 8:00 -19:00. This aim of this separation is to identify whether the daily wind-pattern variation over the island can be connected to the sea-breeze. From the graphs, it becomes clear that, for this coastal station at least, there is strong modification of the wind direction between daytime and nighttime hours. This feature is common to all of the coastal stations, but especially the coastal stations of Polis and Limassol, where the wind direction almost reverses (from south to north for Polis, and from north to southwest for Limassol) from night to day, clearly reflecting the influence of the seabreeze. Even the continental station of Malia shows this modification in wind direction (from east to west), although this station is far from the sea and surrounded by complex topography (not shown here). The results of the WAsP wind-speed estimations, presented at a 200 × 200 m resolution are given in figure 7 . The original, data observed in circular areas around each station were aggregated in ArcView using binomial statistical weighting. The resulting images show an evident increase in the wind speed for the whole study area throughout daytime hours. Areas with mean wind speeds exceeding 8 m/s are also identified, especially along the southern coast, close to Akrotiri coastal area at Limassol, and surroundings the Pafos station. The results are encouraging because they look consistent and show that there is a clear pattern of increasing wind speed due to topographic effects in the study areas. The general pattern shows low monthly wind variation, with maximum speeds slightly higher during the summer months when the sea-breeze is more intense. The mean wind-speed is lower towards the north, forming a constant 4-6 m/s close to the Polis area. However, for this latter station it is important to note that the wind is also considerably active at night. During the winter months (December-February), the general pattern is for higher wind speeds during the nighttime hours. This behavior is possibly related to the formation of local katabatic flows from the surrounding Troodos mountains, and the enhancement of a general southern circulation over the island. This specific feature could prove important for local wind-energy plans, especially since it seems that the nighttime wind potential for the southern part of the island is weak. However, this interpretation needs to be to be further investigated experimentally. The analysis of additional data and the inclusion of nearby stations would be expected to provide more detailed information, thereby improving the accuracy of the overall model. However, it should be emphasized that the findings presented here are mostly indicative, and should be assessed in tandem with independent wind-speed measurements in any areas of interest to test the general accuracy of the model and therefore produce a more realistic picture of windpower potential. As a first example, an estimation of the accuracy of the present methods was made, focusing on the the wind farm at Oreites, which is in the vicinity of Pafos meteorological station. The wind farm is located in an area where the estimated wind speed is maximized in comparison to neighbouring regions, with speeds of 5
Conclusions
In this study, an integrated method for the estimation and analysis of potential wind energy resources in Cyprus was presented and a first test-case attempted, for six selected sites in the western part of the island. Statistical analysis of wind speed and direction data shows the strong influence of sea-breeze on this part of the island, which is especially intense along the southern coast. In the case of the northern coast (Polis station), wind speed remains relatively high during the night as well as the day, thereby showing much lower daily wind-speed variation, although the direction still changes with the sea breeze. These wind statistics can be used to produce corrected statistical distributions over the extended study areas using Wind Atlas Analysis and Application Program (WAsP), which modifies the wind flow based on local topographic effects. Aggregation of the data using statistical weighting methods allows the extrapolation and visualization of these results across the western part of Cyprus. The application of this method has indicated a number of areas with high wind-energy potential, suitable for future wind resource exploitation. Further modelling, and the inclusion of all available data from nearby stations is needed to improve the accuracy of the method and to complete wind power resource estimation for the remiander of the island. With more work, the implementation of this proposed method, integrated with wind predictions in specific areas may also result in short-term wind power forecasting. Both the methodological framework applied and results obtained in this study will become an important resource for potential investors and wind-energy developers in Cyprus. Additionally, the outlined methodology could be applied by other researchers worldwide to quantify the wind potential of different regions, potentially at a national scale. And finally, the presented work could serve as the main basis of short-term wind-potential prediction, provided that the areas of interest are supplied with routine meteorological forecasts.
